In this paper, we demonstrate an all polarization maintaining (PM) Q-switched erbium-doped fiber laser based on tungsten diselenide-polyvinyl alcohol (WSe 2 −PVA) saturable absorber (SA) and investigated the stability of WSe 2 −PVA SA in the laser. The all PM cavity isolated the environmental perturbation on the cavity birefringence so that the evolution of material properties of WSe 2 −PVA SA during the Q-switched operation can be investigated based on the laser output. It is found that when heat accumulation reached a certain level in WSe 2 −PVA SA, PVA in SA would first melt and perturb the transmission of SA; then, WSe 2 in SA would be quickly damaged, resulting in a permanent increase of the SA loss. This work will benefit the research on obtaining a long-term stable all PM Q-switched lasers based on 2-D material saturable absorber.
Introduction
Graphene, the best-known 2-D nano-material, which owns excellent optoelectronic characteristics, has attracted increasing interest in researching on 2-D materials since the emergence of it in 2004 [1] - [9] . In recent years, another kind of 2-D material called transition metal dichalcogenides (TMDs), which show analogous physical properties compared to graphene, have become a popular research hotspot [10] - [20] . At the same time, various optical and electrical characteristics such as saturable absorption, four wave mixing and wavelength conversion have been reported [21] - [26] . Among these promising properties, wideband absorption spectrum and saturable absorption act as the key roles in some important photonic applications such as mode-locked lasers [7] , [27] - [29] and Qswitched lasers [30] - [34] . As summarized in [35] , TMDs have a generalized formula of MX 2 , where M represents transition metal atom such as Mo and W, and X represents chalcogenide atom such as S and Se. Recently, numerous researchers have investigated the applications of these TMDs as saturable absorbers (SAs) in Q-switched fiber lasers or mode-locked fiber lasers. In 2014 R.I. Woodward used the molybdenum disulfide (MoS 2 ) as the saturable absorber to realize a tunable Q-switched fiber laser [34] . In 2015, Wu utilized the WS 2 as saturable absorber to realize a stable mode-locked fiber laser [36] while in the same year, Chen compared the performance difference of four materials (WSe 2 , WS 2 , MoSe 2 , and MoS 2 ) in a Q-switched fiber laser [37] . It can be seen that TMDs have played an important role in the field of fiber lasers. Meanwhile, polarization maintaining (PM) cavity has been widely used in various laser designs for its stable birefringence property. Nishizawa used carbon nanotube as saturable absorber and realized an all PM fiber laser in 2010 [38] . Sobon reported an all PM mode-locked fiber laser by graphene saturable absorber in 2012 [39] . Zhao used an all PM cavity to study passively mode-locked fiber laser based the semiconductor saturable absorber mirror in 2013 [40] . Although many mode-locked or Q-switched lasers with PM cavities have been reported, it is still unclear how the TMDs based saturable absorbers perform in an all PM laser cavity. Moreover, a systematic study on the stability of the TMD SAs under laser operation has not been reported yet. Therefore, it is meaningful to investigate how the property of a TMD SA evolves during the laser operation and affects the output of the laser, which may benefit the future research on TMD SAs to obtain a long-term stable high-performance laser.
In this paper, we investigated the stability of the prepared WSe 2 -polyvinyl alcohol (PVA) SA in an all PM Q-switched fiber laser. The all PM cavity isolated the environmental influence on the cavity birefringence, which enabled us to investigate the stability of the WSe 2 −PVA SA during Q-switched operation. It is observed that the prepared WSe 2 −PVA SA can sustain a stable Q-switched operation during an observation time of −1.6 hours under medium pump power of 280 mW, but would be gradually damaged if the pump power exceeded 300 mW due to the thermal accumulation. The laser performance before and after the damage of WSe 2 −PVA SA was compared and the process of the physical damage of the SA was discussed. It is believed that this work will benefit the research of obtaining a long-term stable all PM Q-switched fiber lasers, as well as a stable material based saturable absorber.
Material Preparation and Characterization
Saturable absorber is a key component for Q-switched or mode-locked lasers. Here, we introduce the preparation and characterization of WSe 2 −PVA SA. Briefly, 5 mg/ml WSe 2 −PVA water dispersions with sodium cholate as surfactant were prepared using the liquid-phase exfoliation (LPE) method. Ultra-sonication and centrifugation processing were utilized to obtain WSe 2 nanosheets with few layers and small size. Meanwhile 50 mg/ml polyvinyl alcohol (PVA) aqueous solution was also prepared. Then, 2 ml WSe 2 −PVA dispersions and 10 ml PVA solution were mixed for 24 hours by a magnetic stirrer. The mixture was processed by ultrasonic water bath device for another 4 hours for a thorough mixing. Finally, WSe 2 −PVA mixture was transferred to the surface of a clean dish and dried under 50°C condition for 3 days to obtain WSe 2 −PVA thin film. More details can be referred to [37] . Fig. 1 shows some properties of the material. Fig. 1(a) shows a prepared WSe 2 −PVA thin film. WSe 2 −PVA thin film was further cut into small pieces of −1 mm × 1 mm and transferred onto a fiber end to function as a SA, as shown in Fig. 1(b) . Fig. 1(c) shows the transmission electron microscopy photo of WSe 2 nanosheets. The size of the nanosheets is −200 × 250 nm. Atomic force microscope measurement indicated that the number of layers of nanosheets is from 2-6. Also, LPE method can produce large quantity of nanosheets but cannot precisely control the size and thickness of the nanosheets. Fig. 1(d) shows the Raman spectrum of WSe 2 −PVA. The peak near 250cm −1 corresponded to the out-of-plane motion of WSe 2 molecular [41] . The nonlinear transmission is an important parameter for the prepared WSe 2 −PVA saturable absorber. A standard two-arm nonlinear transmission experiment was carried out, shown in Fig.  2 . A mode-locked laser generated pulse train with a repetition rate of 37 MHz and pulse width of 560 fs. The light from the mode-locked laser propagated through an isolator that protected the laser and entered into a 99:1 coupler (denoted as coupler 1). One-percent output of the coupler went into an optical power meter (power meter 1) as a reference, and 99% output went through the WSe 2 −PVA SA and into another optical power meter (power meter 2) for the measurement. A 10 dB attenuator was inserted before power meter 2 to meet the power requirement of the power meter. The WSe 2 −PVA SA was sandwiched between two FC/PC fiber connectors.
By tuning the output power of the mode-locked laser, nonlinear transmission of the WSe 2 −PVA SA was obtained, shown in Fig. 3 . The following formula of saturable absorption was used to fit the experiment data [42] :
where T is modulation depth, I is optical intensity, I sat is saturation intensity, and the T ns is nonsaturable absorbance. The fluctuation between the experimental data and the fitting curve were mainly caused by the environmental perturbation and the uncertainty of the power meters. For the WSe 2 −PVA SA sample under test, the modulation depth is 4.31%, the saturation intensity is 7.97 MW/cm 2 , and the non-saturable absorbance T ns is 56.8%. 
Experiments and Results

All Polarization Maintaining Fiber Laser
To investigate the stability of WSe 2 −PVA SA during the Q-switched operation, the output properties of the Q-switched laser would be an important reference. Thus, a laser cavity which is insensitive to the environmental perturbation would be desired, i.e., an all PM cavity would be necessary for the experiment. In this section, an all PM Q-switched fiber laser based on WSe 2 −PVA SA was made and characterized. The experimental setup of the all PM Q-switched laser is showed in Fig. 4 . A 980 nm laser diode (LD) provided the pump power for the laser operation. A wavelength division multiplexer (WDM) coupled the 980 nm light into the ring cavity. Erbium-doped fiber (EDF) was used as the gain medium. WSe 2 −PVA SA was incorporated in the cavity by being sandwiched between a pair of FC/PC connectors. A 90:10 fiber coupler extracted 10% of the intra-cavity power for the output. The output power was further split by two fiber couplers for the measurement of optical spectrum (YOKOGAWA AQ6370C), electrical spectrum (ROHDE&SCHWARZ FSUP), and optical power meter. All the components in the cavity were polarization maintaining, which isolated the environmental perturbation on the birefringence of the cavity and sustained a stable linear polarization state all the time. With this all PM structure, the long-term stability of the prepared WSe 2 −PVA SA can be investigated. The stability property of the WSe 2 −PVA SA will be investigated in Section 3.2. The polarization beam splitter (PBS) before the power meter was also used for the investigation of SA stability in Section 3.2. In this section the general output properties of the laser were provided.
When pump power was 20 mW, the laser operated in a continuous wave state indicating the low loss in the cavity. When the pump power reached 130 mW, Q-switched operation was built up but still unstable. A stable Q-switched operation with low amplitude fluctuation was obtained when the pump power was further increased to 170 mW. Under the pump power ranging from 170 mW to 300 mW, a stable Q-switched operation can be obtained. For the pump power from 300 mW to 430 mW, Q-switched operation still existed but became less stable which was considered to be caused by the material property change of the prepared WSe 2 −PVA SA under high intra-cavity power. More details of the investigation on the property evolution of SA will be provided in Section 3.2. Fig. 5 summarizes the output properties of the Q-switched state of the laser. Fig. 5(a) shows a typical pulse train waveform in the time domain under a pump power of 280 mW. The pulse width shown in the inserted was 1.013 μs. The output power was 4.25 dBm and the repetition rate was 112.23 kHz, corresponding to a pulse energy of −23 nJ. Fig. 5(b) shows the electrical spectrum measured by an electrical spectrum analyzer with a span of 1 MHz. The extinction ratio was −50 dB showing the good stability of the laser operation. Fig. 5(c) shows the optical spectrum with a center wavelength of 1560 nm, which showed the low loss property of the cavity and Fig. 5(d) shows the relation between the output power and the injected pump power. For the power ranging from 300 mW to 430 mW, the measurement was conducted within a short time because operation for a long duration under such a high pump power level would damage WSe 2 −PVA SA as discussed in Section 3.2. On the other hand this less stable operation region provided an opportunity to investigate how the property of the SA degraded from a normal status to a damaged status.
Pulse duration and repetition rate are another two important parameters for the Q-switched fiber laser. These two parameters were measured by the oscilloscope, shown in Fig. 6(a) . For the pump power from 130 mW to 170 mW, the Q-switched operation was not very stable and the pulse amplitude varied from time to time. When the pump power was above 170 mW, a stable Q-switched state with constant pulse amplitude was obtained. So we can see the variation of these two parameters in the Fig. 6(a) , with the increase of the pump power from 170 mW to 430 mW, the repetition frequency increased from 92.46 kHz to 138 kHz while the pulse duration decreased from 1.478 μs to 0.754 μs. These trends were consistent with the reported evolution of the Q-switched operation when the pump power was increased. The corresponding pulse energy varied from −12 nJ to −29 nJ, as shown in Fig. 6(b) . 
Investigation on the Stability of WSe 2 −PVA SA
In this section, the stability of the prepared WSe 2 −PVA SA was investigated. The purpose was to evaluate the property evolution of WSe 2 −PVA SA during the Q-switched operation. Therefore the output of the Q-switched laser became a very important real-time reference. The choice of an all PM cavity helped to isolate the influence on the cavity birefringence caused by the environmental perturbation.
The laser was operated continuously for 3 hours. During this period, the output optical power was recorded automatically by a computer controlled optical power meter every 1 second, shown in Fig. 7 . There were four regions representing different operation states of the laser. In region I, the laser operated in a stable Q-switched state for 6000 s (−1.6 hours). The pump power was fixed to 280 mW. The output power was 4.25 dBm and pulse energy was −23 nJ. It can be observed that the output was stable with a fluctuation less than 0.25 dB. For comparison, the output power from a laser cavity without SA was also recorded, shown in Fig. 8(a) . Such a laser operated in continuous wave state. The variation of the output power was −0.1 dB. Because the output variation was 0.25 dB for the Q-switched laser, it meant the SA contributed −0.15 dB fluctuation. Although the SA was not damaged under the pump power of 280 mW, this additional power fluctuation indicated that heat had still gradually accumulated during the laser operation and the property of SA had been slightly changed. We also investigated the stability of the output polarization state. A polarization beam splitter was inserted before the power meter shown in Fig. 4 . The output of one arm of the PBS was monitored by the power meter for a duration of 5000 s, shown in Fig. 8(b) . The variation was also less than 0.25 dB. The optical spectra and electrical spectra of the Q-switched laser were recorded with an interval of 5 minutes during this period, shown in Figs. 9 and 10, respectively. In Figs. 9 and 10, the horizontal axis represents the frequency and the vertical axis represents the time. Brighter color represents higher power of the spectrum. It can be observed that the center wavelength in the optical spectra was nearly unchanged, showing a good stability of the laser and the material. The electrical frequency spectrum had some variation which was considered to be caused by the temperature change. These results suggested that the prepared WSe 2 −PVA SA can sustain a stable material property and thus a stable Q-switched operation under a pump power of 280 mW for a duration of −1.6 hours. The corresponding output power was 4.25 dBm, and the pulse energy was −23 nJ.
Then, the pump was deliberately decreased and increased to see how the SA reacted to the condition change in the cavity, denoted as region II in Fig. 7 . The maximum pump power was increased to 430 mW corresponding to an output power of 5.49 dBm. This power was lower than that of 5.95 dBm shown in Fig. 5(d) measured at the same pump power because the data in Fig. 5(d) was measured at the beginning of the laser operation while data here was measured after the continuous operation of 1.6 hours. This phenomenon again indicated that the heat, although did not damage the SA, had slowly accumulated in the SA during the Q-switched operation, and when the pump power increased to a higher level, the heat accumulation reached a certain level and began to affect the property of the SA. One can also note that when the pump power was increased from 280 mW to 430 mW, the pulse energy was just slightly increased from 23 nJ to 25.6 nJ (0.45 dB increase) while the output power was significantly increased from 4.25 dBm to 5.49 dBm (1.24 dB increase), therefore it was the average power rather than the pulse energy that led to the property change of the SA. With this heat accumulation, PVA in the SA had begun to melt. At the end of region II, the pump power was turned back to 280 mW. However, PVA of WSe 2 −PVA SA had been partially melted and led to an unstable transmission of the SA. As a result, the laser output power became less stable as shown in region III in Fig. 7 . The variation of the output power increased to −2 dB. This unstable state existed in a duration of −150 s. Because the SA was sandwiched between two connectors, this property change of the SA perturbed the light propagation between two connectors and led to the quick heat accumulation in the SA. When the heat accumulation reached an even higher threshold, the WSe 2 nanosheets in the SA began to be damaged and the transmission of the SA suddenly dropped. Accordingly, the laser output also dropped quickly to a low level within a very short time, denoted as region IV in Fig. 7 . Clear details were shown in the inset of Fig. 7 . The transition from region III to region IV happened only in a few seconds. The damage led to a permanent change of the SA property. In region IV, the lower average power induced less heat and another heat balance was reached in the SA. The output power became stable but higher fluctuation can be clearly observed compared with region I.
The oscilloscope traces, electrical spectra and optical spectra before (see Fig. 11 (a)-(c)) and after (see Fig. 11(d)-(f) ) the damage of SA are summarized in Fig. 11 . It can be clearly observed that the pulse amplitude had significantly reduced from −100 mV to −25 mV after the photodetector when the SA was damaged. The electrical spectrum also dropped to a low power level after the damage of SA. The envelope of the frequency peaks was determined by the Fourier transform of the time-domain waveform and therefore decreased with the increase of frequency. The change of optical spectrum was even more obvious. The center wavelength had moved from 1560 nm to 1530 nm, which indicated that the cavity loss had drastically increased. To further verify the damage of the SA, a microscopic image of the SA was taken, which is shown in Fig. 12 . In the middle of Fig. 12 , a round damage area can be clearly observed. Outside the damaged area there was a ring area. This was caused by the pressure between two convex and curved end surfaces of the connectors, especially when the PVA was melted by the high optical power.
Discussion
To demonstrate the stability of the PM Q-switched fiber laser, a non-PM Q-switched fiber laser was built for comparison. The experimental setup is shown in Fig. 13 . The general design was very similar to the all PM cavity shown in Fig. 4 . The difference was that all the components were non-PM and there was a polarization controller (PC) in the cavity to adjust the cavity birefringence. The SA was still WSe 2 −PVA. Typical output properties of such a non-PM Q-switched laser are summarized in Fig. 14. Fig. 14(a) shows a typical pulse train waveform in the time domain under a pump power of 310 mW. The pulse width shown in Fig. 14(b) was 1 .502 μs. The output power was 1.5 dBm and the repetition frequency was 77.286 kHz, corresponding to a single pulse energy of −18 nJ. Fig. 14(c) shows the electrical spectrum measured by an electrical spectrum analyzer with a span of 1 MHz. The extinction ratio was −40 dB showed in the inset. Fig. 14(d) shows the optical spectrum. The center wavelength was near 1560 nm which indicated the low cavity loss of the laser.
To show the difference of the stability between the PM laser and non-PM laser, we investigated the stability of the output polarization state. A PBS was inserted before the power meter and the output power from the PBS was recorded in a time period of 5000 s. The measurement result is shown in Fig. 15(a) . The power fluctuation was −0.5 dB which was higher than that of the all PM laser. The output power evolution from the non-PM Q-switched laser was measured for another 5000 s, shown in Fig. 15(b) . It can be clearly observed that the power had varied seriously compared with the output from the all PM laser, which suggested that the polarization state of the non-PM laser had changed from time to time. This result indicated the non-PM laser was more vulnerable to the environment perturbation compared with the all PM laser. Therefore, an all PM laser provided a more stable platform for the investigation on the material property of the SA. 
Conclusion
In conclusion, this paper investigated the stability of WSe 2 −PVA saturable absorber in an all polarization maintaining erbium-doped fiber laser under Q-switched operation. The all PM cavity isolated the influence of the environment and sustained only one polarization state in the cavity, which enabled us to focus on the stability of the material. From the results of the stability experiment, it was found the prepared WSe 2 −PVA SA can work stably for 1.6 hours during Q-switched operation under pump power of 280 mW but would be gradually damaged if the pump power increased to 430 mW due to the thermal accumulation. The detailed process for how a WSe 2 −PVA SA degraded from a normal status to a damaged status has been clearly revealed. It is believed that this work will benefit research on obtaining a long-term stable material based saturable absorber.
